We report the white color electroluminescence ͑EL͒ emission from InGaN / GaN multiple quantum wells ͑MQWs͒ grown on GaN microfacets. The white color was realized by combining EL emission from InGaN / GaN MQWs on c-plane ͑0001͒, semipolar ͕11− 22͖, and ͕1 − 101͖ microfacets of trapezoidal n-GaN arrays. The color of EL emission was changed from reddish to bluish color with injection current and showed a white color in the current range of 180-230 mA. The variation in the color of EL emission was attributed to differences in current injection and quantum efficiency of MQWs grown on c-plane ͑0001͒ and semipolar GaN microfacets.
We report the white color electroluminescence ͑EL͒ emission from InGaN / GaN multiple quantum wells ͑MQWs͒ grown on GaN microfacets. The white color was realized by combining EL emission from InGaN / GaN MQWs on c-plane ͑0001͒, semipolar ͕11− 22͖, and ͕1 − 101͖ microfacets of trapezoidal n-GaN arrays. The color of EL emission was changed from reddish to bluish color with injection current and showed a white color in the current range of 180-230 mA. The variation in the color of EL emission was attributed to differences in current injection and quantum efficiency of Recently, white light-emitting diodes ͑LEDs͒ have exhibited potential for use in both display backlight units and solid-state lighting applications.
1,2 The most common method to achieve white LEDs is to combine a phosphor wavelength converter with a GaN LED chip. The short wavelength ͑blue or UV͒ light emitted from the GaN LED is absorbed by the phosphor and re-emitted as long wavelength phosphorescence.
2 However, this method has some disadvantages such as Stokes shift energy loss, relatively short lifetime, and degradation of phosphors.
1,2 To solve these problems, various methods to fabricate phosphor-free white LEDs have been proposed. The typical phosphor-free white LEDs were developed by combining two or three multiple quantum wells ͑MQWs͒. [3] [4] [5] [6] [7] In these methods, two or three different quantum wells are distributed vertically [3] [4] [5] [6] and laterally 7 between n-and p-GaN layers. White light can also be generated by photon recycling method without phosphor by combining the electroluminescence ͑EL͒ lights from GaN LED with photoluminescence ͑PL͒ lights from AlGaInP MQWs through wafer-bonding. 8 Lately, a few groups have reported on the different method for white color generation demonstrating that white PL emission can be obtained from laterally connected MQWs on three dimensional GaN templates grown by epitaxial lateral overgrowth ͑ELOG͒. [9] [10] [11] The white color PL emission was achieved by mixing PL emissions from InGaN QWs grown on triangular ELOG GaN films 9 and MQWs grown on trapezoidal GaN. 10, 11 However, the EL characteristics of white LEDs using InGaN / GaN MQWs grown on GaN microfacets have not been reported yet.
In this Letter, we report on the white color EL emission from a LED with MQWs grown on trapezoidal n-GaN arrays composed of semipolar ͕11− 22͖, ͕1 − 101͖ side facets and c-plane ͑0001͒ top facets. In addition, the EL characteristics of the white LED with microfacets were compared with that of laterally distributed MQWs grown on a c-plane ͑0001͒ GaN template.
In this experiment, phosphor-free white LEDs were grown on a c-plane ͑0001͒ sapphire substrate by metalorganic chemical vapor deposition ͑MOCVD͒ as shown in Fig.  1 . After growth of a 25 nm thick GaN nucleation layer at 550°C, a 3 m thick n-GaN epitaxial layer was grown at 1020°C. A 100 nm thick SiO 2 layer was deposited as an ELOG mask on n-GaN using plasma enhanced chemical vapor deposition ͑PECVD͒. A SiO 2 mask pattern with a width of 12 m and a spacing of 6 m between masks was formed in the direction of ͗1 − 100͘ and ͗11− 20͘ by a conventional photolithography and wet etching using a buffered oxide etchant ͑BOE͒. After selective overgrowth of the n-GaN layer, the trapezoidal n-GaN arrays which have semipolar ͕11− 22͖, ͕1 − 101͖ side facets, and c-plane ͑0001͒ top facets were formed as shown in Fig. 1͑a͒ . The InGaN / GaN MQWs were grown on the microfacets of trapezoidal n-GaN arrays at 750°C, followed by a 200 nm thick p-GaN layer grown at 950°C. The p-GaN layer was grown using a flow rate of bicyclopentadienyl magnesium ͑Cp 2 Mg͒ higher than that used in conventional growth condition for c-plane p-GaN, since it was reported that the Mg incorporation efficiency a͒ Author to whom correspondence should be addressed. Electronic mail: sjpark@gist.ac.kr. was reduced on the semipolar facets compared with the c-plane ͑0001͒. 12 To fabricate LEDs, the p-GaN and MQW layers were etched away by inductively coupled plasma ͑ICP͒ until the n-GaN layer was exposed for n-type Ohmic contact formation. Then, an indium tin oxide ͑ITO͒ layer with a thickness of 200 nm was deposited as a transparent current spreading layer on the p-GaN layer. Cr/ Au layer was used for the n-and p-type electrodes, as shown in Fig. 1͑b͒ . Figures 1͑b͒ and 1͑c͒ show scanning electron microscope ͑SEM͒ images of the LEDs. As shown in Fig. 1͑c͒ , the LEDs are formed on the trapezoidal arrays which are composed of semipolar ͕11− 22͖, ͕1 − 101͖ side facets, and c-plane ͑0001͒. The semipolar facets were confirmed by measuring the angles between the semipolar facets and the basal plane in the cross-sectional SEM images. The angles were measured to be 58°and 62°, indicating that the facets are ͕11− 22͖ and ͕1 − 101͖ semipolar plane, respectively. Figure 2͑a͒ shows the PL spectrum of InGaN / GaN MQWs grown on trapezoidal GaN arrays. As shown in Fig.  2͑a͒ , two PL peaks were observed at 460 and 550 nm showing white color and the multiple peaks are believed to come from InGaN / GaN MQWs grown on different microfacets. To find the origin of the multiple PL peaks, the microfacets were examined by microscopic-PL spectroscopy with a beam spot size of 2 m as shown in the PL spectra of in Figs. 2͑b͒-2͑d͒. Figure 2 shows that the PL peaks at 550, 453, and 472 nm come from MQWs grown on c-plane ͑0001͒ top facet, semipolar ͕11− 22͖, and ͕1 − 101͖ side facets, respectively. This result indicated that the short wavelength emission region of white PL color in ͑a͒ was from MQWs grown on semipolar ͕11− 22͖ and ͕1 − 101͖ microfacets, and the long wavelength emission region was from that grown on c-plane ͑0001͒. The c-plane ͑0001͒ is believed to have thicker InGaN well thickness and higher In composition than semipolar ͕11− 22͖ and ͕1 − 101͖ microfacets. 10 Figure 3 shows the current-voltage ͑I-V͒ characteristics of a phosphor-free white LED. The forward voltage at 20 mA is 4.75 V and the series resistance is 30 ⍀ and these values are higher than those of the conventional InGaN based LEDs. 2 We attribute this to the increased total resistance due to the low hole concentration of semipolar facets which have lower Mg incorporation efficiency than c-plane ͑0001͒.
12
The EL spectra were measured to investigate the optical properties of the LED. Figure 4 shows the normalized EL spectra of the LED with increasing injection current. At low injection currents ranging from 50 to 80 mA, the long wavelength emission peak at 620-640 nm dominated. This long wavelength emission is from MQWs grown on c-plane ͑0001͒ which is on top of trapezoidal structure, because the c-plane ͑0001͒ provides a thicker InGaN QW and higher In composition in InGaN than semipolar ͕11− 22͖ and ͕1 − 101͖ microfacets. 10 However, there is a large difference between PL and EL emission peaks and the EL peak is shifted to the lower energy side as shown in Fig. 4 . The possible reason for the large redshift of EL peak is attributed to the device heating due to the low hole concentration in p-GaN on semipolar planes as also evidenced by the relatively high forward voltage and series resistance of device. When the injection current was increased to 100 mA, a blue emission peak around 490 nm emerges. This EL emission at 490 nm is from MQWs grown on semipolar microfacets and the intensity increases with increasing the injection current. In the range of injection current from 180 to 230 mA, two EL emission peaks at 490 and 590 nm which were emitted from MQWs grown on semipolar microfacets and c-plane ͑0001͒ showed a white color. Figure 4 shows that the two EL peaks shift towards higher energy side at high injection currents due to Coulomb screening of the quantum confined Stark effect ͑QCSE͒ induced by the piezoelectric polarization and band filling effect. 13 The EL emission from semipolar MQWs shows a small blueshift of 25 meV with increas- FIG. 2 . ͑Color online͒ Room temperature PL and microscopic-PL spectra of InGaN / GaN MQWs grown on microfacet structures. ͑a͒ PL spectrum of InGaN / GaN MQWs grown on trapezoidal GaN arrays. Microscopic-PL spectra of ͑b͒ top facet, ͑c͒ trapezoidal structure which was composed of c-plane ͑0001͒ top facet and semipolar ͕11− 22͖ side facets, and ͑d͒ trapezoidal structure which was composed of c-plane ͑0001͒ top facets and semipolar ͕1−101͖ side facets. .   FIG. 4 . ͑Color online͒ EL spectra of white LED with increasing injection current at room temperature.
FIG. 3. I-V characteristics of the white LED
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Cho et al. Appl. Phys. Lett. 93, 241109 ͑2008͒ ing the injection current from 100 to 250 mA. However, the EL emission from MQWs on c-plane ͑0001͒ shows a large blueshift of 205 meV with increasing injection current from 50 to 250 mA. These results are attributed to a large polarization-induced electric fields in the MQWs grown on c-plane ͑0001͒ GaN compared with those grown on semipolar GaN.
14,15 Figure 5 shows integrated EL intensities ͑a͒ and intensity ratio ͑b͒ of MQWs grown on c-plane ͑0001͒ and semipolar microfacets. Figure 5͑a͒ shows that the integrated EL intensity of MQWs grown on c-plane ͑0001͒ and semipolar microfacets increases with increasing current and the EL intensity of MQWs grown on c-plane ͑0001͒ is higher than that of semipolar microfacets. It is also noted that the EL intensity of MQWs grown on c-plane ͑0001͒ starts to increase at a lower current compared to that of MQWs grown on the semipolar microfacets. This result is attributed to the resistance of c-plane ͑0001͒ which is lower than that of the semipolar facets. The hole concentration of p-GaN on c-plane ͑0001͒ is believed to be higher than that of the p-GaN on the semipolar facets due to low efficiency of Mg incorporation into p-GaN on semipolar facets. 12 As the injection current increases to 200 mA, the integrated EL intensity of MQWs grown c-plane ͑0001͒ becomes saturated, while that of semipolar facets increases continuously. The saturated EL intensity of c-plane ͑0001͒ is mainly attributed to the lower quantum efficiency of MQWs 16 than that of semipolar microfacet due to high In composition and large polarization-induced electric field in MQWs on c-plane. Figure 5͑b͒ shows that the EL intensity ratio of MQWs grown on semipolar and c-plane ͑0001͒ increases with increasing injection current and the EL emission color of the LED is changed from reddish to bluish color due to the change in the intensity ratio of MQWs grown on c-plane ͑0001͒ and semipolar microfacets, as shown by the background color in Fig. 5͑b͒ . This result shows that the EL intensity ratio of MQWs is very different from the results of white LED with laterally distributed blue and green InGaN / GaN MQWs. In the case of the white LED with laterally distributed blue and green MQWs grown on the c-plane ͑0001͒ GaN template, the EL intensity ratio of both MQWs showed very little variation with increasing injection current. 7 However, the white LED with MQWs grown on three dimensional trapezoidal n-GaN arrays with c-plane ͑0001͒ and semipolar microfacets showed a large variation of EL intensity ratio with current because c-plane ͑0001͒ and semipolar GaN templates have different Mg incorporation efficiency in p-GaN 12 and quantum efficiency of MQWs. 17, 18 In summary, we demonstrate the white color EL emission of LED with InGaN / GaN MQWs grown on the trapezoidal n-GaN arrays which are composed of semipolar ͕11− 22͖, ͕1 − 101͖ microfacets, and c-plane ͑0001͒. The color of the EL emission was changed from reddish to bluish color with increasing injection current due to the differences in current injection and quantum efficiency of MQWs grown on c-plane ͑0001͒ and semipolar microfacets. 
